A commercially available automated specimen preparation instrument for specific probe capture and paramagnetic separation has been developed (AmpliCap/GT-12; Roche Molecular Systems). We evaluated assay performance of the AmpliCap/GT-12 in the quantitative assay for hepatitis C virus (HCV) RNA with the AMPLICOR HCV MONITOR Test (version 2.0). Assay linearity using serial dilutions from a serum panel was observed in the range of 500 to 850,000 IU/ml, with a slightly compromised slope in the higher viral titers. The overall within-run and between-run reproducibility of the entire detection process for 3 and 5 log 10 (IU/ml) of HCV RNA in samples had a standard deviation of <0.2, which was comparable to a manual method based on organic extraction and isopropanol precipitation (Roche Molecular Systems). Comparison of the test results with those obtained by the manual method showed a good correlation (R 2 ‫؍‬ 0.972, n ‫؍‬ 86). Using heparin (3, 6.5, and 13 U/ml), dextran sulfate (0.1, 1, and 5 mM), hemoglobin (1.13, 2.25, and 4.5 g/liter), conjugated or unconjugated bilirubin (7.5, 15, and 30 mg/dl), and ATP (1.25, 2.5, and 5.0 mM) as known inhibitors, inhibition was only detected at a dextran sulfate concentration of 1 mM with the manual method but not with the AmpliCap/GT-12 extraction. In summary, the AmpliCap/GT-12 system was shown to permit a stable extraction process and accurate results for the quantitative assay of HCV RNA, successfully eliminating the inhibitory effect of dextran sulfate. This automated extraction system provides reliable and reproducible test results and saves labor; thus, it is suitable for routine diagnostic PCR.
Automated systems have been developed for amplification and detection of nucleic acid sequences for infectious agents using PCR (10) . An example of this is the COBAS AMPLI-COR (Roche Diagnostic Systems, Branchburg, N.J.) (6, 11, 17) . In addition to offering the accuracy of automated results, this system has provided labor savings and containment of amplification and detection. However, the current manual extraction method for the COBAS AMPLICOR is time-consuming and requires meticulous technical skills to achieve reproducible results. The extraction process is a key component of nucleic acid detection, as it affects both the reliability and the reproducibility of target amplification.
Recently there has been substantial progress in automation of the extraction of nucleic acid from clinical samples. In our previous study, a prototype automated specimen preparation instrument (GT-12; Roche Molecular Systems, Pleasanton, Calif.) was developed and evaluated for specific capture of hepatitis C virus (HCV) RNA with probes and magnetic-beadfluid (B/F) separation (14, 15) . HCV RNA was isolated from serum by lysis of virus particles with a chaotropic agent, followed by hybridization of the RNA with biotinylated probes and capture of the hybridized RNA with streptavidin-coated paramagnetic particles. After washing of the hybrid-particle complexes to remove nonspecifically bound materials, the particles were resuspended in a specimen diluent and were then ready for amplification and detection using a fully automated PCR system (COBAS AMPLICOR). Based on the promising data showing that the prototype instrument of the GT-12 had an assay performance similar to that of the conventional manual method for the qualitative assay of HCV RNA, a commercially available system (AmpliCap/GT-12; Roche Diagnostics) has been developed.
Accurate quantitative assay of HCV RNA in serum is increasingly becoming important, since the pretreatment viral load in blood has been negatively correlated with the sustained response to a combination therapy with alpha interferon, and importance of monitoring of the HCV load during the treatment has been reported (3, 4, 19) . One of the major advantages of nucleic acid amplification over conventional methods in diagnosis of infectious disease is the sensitive detection of agents directly from clinical specimens. However, serum may contain a variety of biological substances and therapeutic reagents that may interfere with enzymatic amplification to cause false-negative PCR results (8, 19) . Such inhibition might have serious effects on quantitative values of HCV RNA. The objectives of the present study were (i) to evaluate assay performance of the AmpliCap/GT-12 in the quantitative assay for HCV RNA, including linearity, reproducibility, and comparison with a conventional manual method, and (ii) to address questions as to whether the extraction system could eliminate the inhibitory effects of a variety of known inhibitors of PCR on the quantitative assay of HCV RNA.
MATERIALS AND METHODS
Clinical specimens. Serum specimens used in this study were obtained from 90 patients referred to Tokai University Hospital for chronic liver diseases. When needed, HCV RNA was quantitatively measured by the AMPLICOR HCV MONITOR Test, version 2.0 (Roche Diagnostic Systems) (7) . All samples were separated from clots within 4 h of collection, divided into aliquots, and stored at Ϫ80°C until RNAs were extracted.
RNA extraction. HCV RNA was isolated from serum by an automated system consisting of the reagents (AmpliCap; Roche Molecular Systems) and a robotic processor (GT-12; Roche Molecular Systems) developed in cooperation with Precision System Science Co. Ltd. (Tokyo, Japan). Briefly, HCV RNA was isolated from 250 l of serum by lysis of virus particles with 500 l of guanidinium thiocyanate solution at 60°C for 20 min. The RNA was hybridized with biotinylated probes (KY78) that were specific to the 5Ј-untranslated region of the HCV genome (16) and identical to the downstream primer for amplification. The hybridized RNA was then captured with streptavidin-coated paramagnetic particles. The quantitation standard or an internal quantitative control was introduced into the specimen during the lysis reaction. After washing of the hybridparticle complexes to remove nonspecifically bound materials, the particles were resuspended in 250 l of a specimen diluent and were then ready for amplification and detection by PCR.
RNA was also isolated from 100 l of serum by a manual method based on guanidinium thiocyanate lysis and isopropanol precipitation (Roche Molecular Systems). Briefly, 400 l of a lysis solution containing guanidinium thiocyanate and the quantitation standard was added to the specimen. The nucleic acid extraction was precipitated by isopropanol and pelleted by centrifugation, and the pellet was washed with ethanol. The nucleic acid was resuspended in 1,000 l of a specimen diluent, and 50 l of extracted sample was used for amplification and detection by PCR.
The AmpliCap/GT-12 used a larger input volume of serum than the manual method; the former used 50 l out of 250 l of a specimen diluent derived from 250 l of serum, and the latter used 50 l out of 1,000 l of a specimen diluent derived from 100 l of serum.
COBAS AMPLICOR HCV Test. The quantitative COBAS AMPLICOR HCV Tests, and AMPLICOR HCV MONITOR Test, version 2.0, have been previously described (7, 26) . All samples were extracted once, and a single amplification and detection were performed on each extract except as otherwise stated. One positive and two negative controls provided with the kit were run with each batch of patient specimens.
Sample dilutions. A serum panel from clinical specimens that was quantitated for HCV RNA levels by the AMPLICOR HCV MONITOR Test, version 2.0, was diluted serially in HCV-seronegative normal human serum. Serial dilutions of serum were prepared to provide values throughout an expected range of the assay, 500 to 850,000 IU/ml. Duplicate determinations were made on the diluted samples in the COBAS AMPLICOR HCV MONITOR Test, version 2.0.
Interference. To assess the effect of various known inhibitors (8, 12, 21) , three concentrations of heparin (Takeda Chem., Osaka, Japan), dextran sulfate (Wako Pure Chem., Osaka, Japan), hemoglobin (International Reagents, Kobe, Japan), conjugated bilirubin (International Reagents), unconjugated bilirubin (International Reagents), and ATP (Sigma Chemical Co., St. Louis, Mo.) were added to a serum sample containing 3 or 5 log 10 (IU/ml) of HCV RNA. RNA was extracted from the serum by the manual method or the AmpliCap/GT-12, and was subjected to AMPLICOR HCV MONITOR Test, version 2.0.
Statistical analysis. Before analysis, all HCV RNA results were converted to log 10 (international units per milliliter). The chi-square test was used for comparison of methods.
RESULTS
Linearity study. A serum panel diluted serially in HCV seronegative normal human serum was isolated by the AmpliCap/GT-12 assay, and then HCV RNA was measured in duplicate by the COBAS AMPLICOR HCV MONITOR Test, version 2.0. The dilutions were evaluated in a plot of the mean of duplicate observed values versus the expected values. These data showed that the assay was almost linear over the range of 500 to 850,000 IU/ml of HCV RNA. The linearity becomes slightly compromised at higher titers of HCV RNA, i.e., Ͼ500,000 IU/ml (Fig. 1) .
Within-run and between-run reproducibility. Within-run and between-run reproducibilities were evaluated by using 3 and 5 log 10 (IU/ml) of HCV RNA in samples. For within-run reproducibility, 10-fold determinations were made on three lots of reagents of AMPLICOR HCV MONITOR Test, version 2.0. The standard deviations (SDs) of the log 10 (units per milliliter) were calculated and plotted against the average log 10 (units per milliliter) for each sample. Serum HCV RNA levels, tested 10 times in the same round for within-run reproducibility, showed that the SDs were 0.12 to 0.17 and 0.06 to 0.11 for 3 and 5 log 10 (IU/ml) of HCV RNA in samples, respectively, and the coefficients of variation were 3.3 to 4.9% and 1.4 to 2.3%, respectively, which were comparable to those obtained in the manual method (Table 1) . Because a separate sample aliquot was processed for each test performed, these variations represent the total variability of the assay.
Serum HCV RNA levels, tested on one lot of reagents over 12 days for between-run reproducibility, showed that the SD of the log 10 of HCV RNA levels for 3 and 5 log 10 (IU/ml) of HCV RNA in samples was 0.11 and 0.16, respectively, and the coefficients of variation were 3.1 and 3.2%, respectively, which were comparable to those obtained in the manual method (Table 1) .
Comparison with the manual method. A total of 90 clinical samples were subjected to RNA extraction by either the manual method or the automated method, and measured in singlet using the version 2.0 AMPLICOR HCV MONITOR tests. Of the samples, 86 had levels of HCV RNA that quantified both assay. The overall correlation of the two assays was good (y ϭ 0.8877x ϩ 0.477; r 2 ϭ 0.972) (Fig. 2) . Interference study. Using heparin (3, 6.5, and 13 U/ml), dextran sulfate (0.1, 1, and 5 mM), hemoglobin (1.13, 2.25, and 4.5 g/liter), conjugated or unconjugated bilirubin (7.5, 15, and 30 mg/dl), and ATP (1.25, 2.5, and 5.0 mM) as known inhibi- tors, inhibition was only detected with dextran sulfate at a concentration of 1 mM by the manual method but not by the AmpliCap/GT-12 extraction (Table 2) .
DISCUSSION
In this study, we evaluated the performance of the AmpliCap/GT-12 system for the quantitative assay of HCV RNA by the COBAS AMPLICOR HCV MONITOR Test, version 2.0. Comparison of the test results with those obtained by the manual method showed that the overall correlation of the two assays was good (r 2 ϭ 0.972). Assay linearity was observed in the 3-log dynamic range over HCV RNA titers of 500 to 850,000 IU/ml but with a slightly compromised slope at higher titers (i.e., Ͼ500,000 IU/ml) in comparison with that obtained by the manual method based on organic extraction and precipitation (7, 26) . The underestimation of high-titer sera by the Roche Amplicor HCV Monitor assay has been indicated previously (5). This is more evident in the quantitative assay of HCV RNA using the AmpliCap/GT-12, because this assay uses a larger input volume of serum than the manual method.
False-negative results because of amplification inhibitors present in clinical specimens are problematic in PCR assays (8, 18) . Therapeutic reagents for infectious agents may have inhibitory effects (5, 24) , and novel reagents will be constantly developed and introduced into the treatment of infectious diseases (13, 22) . It is increasingly important to accurately measure viral loads in serum, which may contain various therapeutic reagents. A potential use of dextran sulfate had once been explored for the treatment of human immunodeficiency virus (1) , where the prevalence of HCV infection is high (2) . The inclusion of the internal quantitative control allows one to assure amplification of the target. However, the use of an internal control, when added during the initial lysis step, does not by itself distinguish cases of failure of extraction from the presence of an interfering substance. In such cases the internal control may not amplify. An ideal robust extraction system should efficiently extract both the internal control and the target and effectively eliminate inhibitors. The AmpliCap/ GT-12 system can efficiently extract both the internal control and the target and eliminate effects of potent inhibitors such as dextran sulfate as well as other substances that may be present in serum (1, 13) . This enhanced the reliability and reproducibility of the extraction process and thus the entire nucleic acid detection. The extraction method used in the AmpliCap/ GT-12 system is theoretically suitable for eliminating any inhibitors in the serum, because it is based on specific capture with probes and magnetic B/F separation. On the other hand, conventional manual methods such as that used in this study are not able to eliminate dextran sulfate, which is thought to bind nucleic acids (5) .
The inhibitory effect of heparin on PCR has been problematic in hemodialysis patients (23; E. Beutler, T. Gelbart, and FIG. 2. HCV RNA levels for 86 clinical specimens as determined by the AMPLICOR HCV MONITOR Test using RNA extracted by the manual method or the AmpliCap/GT-12 system. A total of 90 clinical samples were subjected to RNA extraction by either the manual method or AmpliCap/GT-12, and measured in singlet using the version 2.0 AMPLICOR HCV MONITOR Test. Of the samples, 86 had levels of HCV RNA that were quantifiable by both assays. a RNA was extracted by either the manual method or the AmpliCap/GT-12 system and tested 10 times in the same round for within-run reproducibility on three lots of reagents of the AMPLICOR HCV MONITOR Test, version 2.0. RNA was also tested over 12 days for between-run reproducibility on one lot of reagents of the AMPLICOR HCV MONITOR Tests, version 2.0. The SDs of the log 10 (units per milliliter) were calculated and plotted against the average log 10 (units per milliliter) for each sample. CV, coefficient of variation. Heparin (U/ml) Blank 1.00 ϫ 10 a Heparin or dextran sulfate was added to a serum specimen containing 3 or 5 log 10 IU of HCV/ml. RNA was extracted by either the conventional manual method or the AmpliCap/GT-12 system, and the HCV RNA was amplified by the AMPLICOR MONITOR Test, version 2.0. Data are means of duplicate assays. For blanks, normal saline was added to serum.
W. Kuhl, Letter, BioTechniques 9:166, 1990), who have a high prevalence of HCV infection (21) . In contrast to the qualitative assay, there was a lack of inhibition in the quantitative assay of HCV RNA, when RNA was extracted by the manual method from sera in the presence of heparin. This can be explained by the impact of different preparation processes for nucleic acid amplification and detection used in the qualitative and quantitative assays of HCV RNA. In the latter, nucleic acid extracted from 100 l of serum is diluted in 1,000 l of a specimen diluent by 10-fold, and thus the final concentration of residual heparin could be diluted to the extent that the inhibitory effect was negligible. This is supported by our previous report that 10-fold dilution of the serum sample was enough to eliminate the inhibitory effect in the former (15) . There was also a lack of inhibition when RNA was extracted by the AmpliCap/GT-12 system from sera in the presence of heparin, in spite of using a larger input volume of serum than the manual method.
One of the major advantages of automating the extraction is the ability to provide a stable extraction process among samples. Using 3 and 5 log 10 (IU/ml) for within-run and betweenrun precision of the combination of the AmpliCap/GT-12 system and the COBAS AMPLICOR HCV MONITOR Test, the SDs were Ͻ0.2. Considering that these data are comparable to the reproducibility of the COBAS AMPLICOR HCV MON-ITOR Test (SD Ͻ 0.2 [7, 26] ), the AmpliCap/GT-12 system has permitted a stable extraction process among samples. The system is characterized by automated separation of nucleic acid for amplification by target-specific probe capture, specimen preparation with high throughput (96 reactions in 2.5 h), and minimal hands-on reagent preparation and machine setup. The ability to automate the extraction in addition to the measurement improved the assay performance in terms of not only stability of the extraction process but also labor efficiency. The reliability of the GT-12 system has been recognized, as shown by its use in major reference laboratories and in blood screening for the Red Cross Center in Japan (9) .
In summary, the AmpliCap/GT-12 system, based on the specific capture with probes and magnetic B/F separation, was shown to permit a stable extraction process and accurate results for a quantitative assay of HCV RNA, successfully eliminating the inhibitory effect of dextran sulfate from serum. This system provides reliable and reproducible test results and saves labor; thus, it is suitable for routine diagnostic PCR.
